An electrically tunable bandpass filter based on an engineered substrate embedded with patterned permalloy (Py) thin film has been designed, implemented, and characterized. The bandpass filter is designed with metamaterial resonators to achieve a compact size; the designed filter is fabricated on a multilayered engineered substrate, which is composed of a layer of liquid crystal polymer, a layer of patterned Py thin film, and silicon substrate. The tunability of center frequency for the designed bandpass filter is dependent on the radio frequency (RF) characteristics of the implemented engineered substrate. The equivalent permeability of the Py thin film embedded in the engineering substrate is electrically tunable with the dc current, which thus provides high and tunable inductance densities for the split-ring resonators in the designed filter; the center frequency of the implemented bandpass filter is thus electrically tunable. The measured results show that the center frequency of the designed bandpass filter shifts from 2.37 to 2.45 GHz continuously when the applied tuning dc current is changed from 0 to 500 mA. The introduced unique concept of the engineered substrate provides design feasibility of filters with continuous frequency tunability, and the implementation of the engineered substrate enabled with the patterned Py thin film is suitable for the cost-effective fabrication of the arbitrary tunable RF devices.
I. INTRODUCTION

W
ITH the rapid growth of multifunctional and miniaturized frequency-agile devices in a modern wireless communication system, the development of reconfigurable radio frequency (RF) components with compact size and lightweight is increasingly desired. As one of the key components in transceivers to reduce spurious and unexpected signals from the noises or other channels, tunable bandpass filter with compact size and cost-effective fabrication process is especially critically needed.
Many technologies have been investigated and employed to tune the resonant frequency of the filters. These approaches include the application of RF microelectromechanical system-based mechanically tunable varactors [1] , semiconductor varactors [2] , electrically tunable varactors with ferroelectric materials [3] , and magnetically tunable inductors with ferromagnetic materials [4] . However, the tunability of all the reported filters is directly dependent on the individual design configuration, which is required to be oriented with the customized fabrication process for each specific design. Although compared with different technologies, magnetically tunable inductors with ferromagnetic materials can provide high quality factor; they could not meet the miniaturization requirement of the modern communication system when a large and cumbersome external-biased magnetic field is required. An electrically tunable antenna based on ferromagnetic materials has been developed and reported on an engineered smart substrate [5] , which preliminary demonstrates a unique method in designing tunable RF components with dc current. This paper presents the implementation of an electrically tunable bandpass filter enabled with an engineered substrate embedded with the patterned permalloy (Py) thin film. The high-permeability Py thin film exhibits a strong current-dependent permeability value that could be adjusted by dc current; the equivalent permeability of the engineered substrate can thus be electrically tunable. Planar filter structure has been adopted as a promising approach to implement compact size. The metamaterial-based resonators-split-ring resonators (SRRs)-are utilized as the basic structure of the designed filter, and implemented its tunability on the smart engineered substrate. This paper is organized as follows. Section II describes the characteristics of the SRR-based bandpass filter. Section III presents the features and the implementation and the measurement of the filter on the engineered substrate. Finally, the conclusion is drawn in Section IV.
II. SRR-BASED BANDPASS FILTER
A. Design Considerations of SRRs
There are many types of resonators that can be applied for designing the filters, such as lumped element resonators, waveguide resonators, dielectric resonators loaded cavities, transmission line resonator, and so on. Considering the requirements of compact size and lightweight, transmission line resonators are the preferred elements for designing a planar structure filter [6] . The application of the metamaterial in the filter relies on the resonate-type transmission line. SRRs, as one type of metamaterial resonators, have been developed and derived into quasi-lumped elements for the miniaturization of the planar devices [7] . As shown in Fig. 1(a) , the SRRs are composed of two microstrip line rings separated with a gap, and both the ends of the rings are loaded with openstubs oriented at opposite sides. Equivalent inductance and capacitance can be estimated when the significant coupling between the two rings exists [8] . An equivalent LC resonant circuit for the structure of SRRs is shown in Fig. 1(b) . The inductance L s is the self-inductance from copper rings, and the capacitance C 0 /2 is contributed from the gap between the rings and the split regions of each half ring; it can be 0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. expressed with C 0 = 2πr 0 C p , where r 0 = (r e + r i )/2 is the average radius of SRRs and C p is the capacitance per unit length along the gap between SRRs, which has been proved in [9] . The capacitance of each half of SRRs is series connected, and the resonant frequency f 0 of the SRRs can be given
). It proves that the resonant wavelength of the SRRs is smaller than half-wavelength transmission line resonators due to the extra introduced capacitance, which makes the SRRs a good choice for compact filter design.
B. Structure of Bandpass Filter
SRRs can be used to design the bandpass filter by putting several SRRs together with certain direction and gaps or combing with some other elements [8] . A simplified narrow bandpass filter designed with two-section rectangle-shaped SRRs is shown in Fig. 2(a) . These two SRRs are put side by side with a gap facing each other.
The excitation of the SRR-based filter can be generated from part of the transmission line. The serial SRRs can be expressed as a lossless transmission line resonator loaded with two capacitors in the proposed SRR-based bandpass filter. The equivalent circuit of the filter can be modeled, as shown in Fig. 2(b) , where C M is the mutual capacitance between two SRRs, C L is the loaded capacitance from the split gap, and Z s and θ s represent the characteristic impedance and the electrical length of the unloaded transmission line, respectively. According to the ABC D parameters of π-network transmission matrix [10] , the input and the output responses of the open end transmission line resonators can be described by
where ω is the angular frequency. For the open end resonators, the standing wave subjects to the boundary condition with I 1 = I 2 = 0 at resonant frequency. Then, certain network parameters can be determined with = 0, and A = V 1 /V 2 = −1 at first resonant frequency f 0 , and A = V 1 /V 2 = 1 at first spurious resonant frequency f 1 . Solving these equations with the values in (2) and (4), two eigen equations are yielded as [12] θ s0 = 2tan
where θ s0 and θ s1 represent the electrical length of the SRRs at the first resonant frequency and the first spurious resonant frequency, respectively. When the loaded capacitance C L becomes zero, (5) and (6) yield to θ s0 = π and θ s1 = 2π, which functions as open end half-wavelength resonators. While increasing the loading capacitance, the resonant frequency can shift to a lower value with the same electrical length. It indicates that SRRs is an effective structure to design the compact filter.
C. Bandwidth Optimization of Bandpass Filter
The coupling from adjacent SRRs has been neglected in the former equations. The above approach to analyze the fundamental resonant frequency of the SRRs can only give a rough estimation about the filter design. To get the desired performance, the optimization of each parameter is implemented with an electromagnetic simulator ANSYS High Frequency Structure Simulator (HFSS). The proposed parameters of the desired filter are shown in Fig. 2(a) . The bandwidth and the stopband rejection are the two critical factors of the narrow bandpass filter. This section will give a description on the optimization of the coupling gap distance and the feed position, which are the main factors to determine the bandwidth and the stopband rejection of the filter, respectively.
It has been proved that two peaks of a resonant point can be obtained by two different coupling modes-electric wall and magnetic wall-when the coupling resonators are overcoupled [13] . Taking the mutual capacitance into consideration, two resonant frequencies at different modes can be expressed as
where f p1 and f p2 are the resonant frequencies at different modes. Using f p1 and f p2 , the coupling coefficient k can be calculated as [14] 
The operating bandwidth of the filter is inversely proportional to the coupling coefficient k, while the insertion loss follows the opposite trend. Changing the coupling gap distance S, the relationship of the bandwidth between the coupling gap distance S and coupling coefficient k can be obtained, as shown in Fig. 3 . Having a balance between the insertion loss and the bandwidth, the coupling gap distance S of the proposed design is chosen to be 0.3 mm.
D. Stopband Rejection Optimization of Bandpass Filter
The stopband rejection of the filter is mainly determined by the feed position. There are two types of relative feed points for half-wavelength transmission line resonators, symmetric or screw symmetric [13] . The electrical length of the upper and the lower paths to the feed point is not the same when the SRRs take the screw symmetric feeding method, and two transmission zeros could be generated near the passband, and thus increase the stopband rejection. To observe the tunable range of the filter, a narrow bandpass filter is desired. The proposed filter is designed with the screw symmetric feeding method, as shown in Fig. 2(a) .
Taking an optimization on the relative feed point of the screw asymmetric structure, different transmission zeros could be generated. As shown in Fig. 4 , the larger the difference of the electrical delay between the upper and the lower paths, the closer the two transmission zeros, and a sharp edge could be obtained with less insertion loss. The last optimized feed 
III. IMPLEMENTATION OF TUNABLE BANDPASS FILTER
A. Implementation of Filter on Engineered Substrate
In this paper, the frequency tunability of the developed filter could be directly achieved through tuning RF characteristics of the smart substrate with dc current; the filter can thus be designed and fabricated with an arbitrary state-of-art technology. To realize the tunability, the engineered substrate enabled with patterned Py is first fabricated independently. Bandpass filter on the engineered substrate with the patterned Py thin film on silicon is shown in Fig. 5 . The bandpass filter is fabricated separately on a liquid crystal polymer substrate with a thickness of 100 μm and then bonded with the engineered substrate. This described engineered smart substrate is made of patterned 100 nm-thick Py thin films on high resistivity silicon, and Py was grown by dc magnetron sputtering method and was patterned as an array of 15 μm × 40 μm rectangles with a 5 μm gap among them to create self-biased magnetic field. An array of gold lines with a thickness of 10 nm is deposited between the Py patterns and the silicon to provide a dc current path for electrically tuning.
Ferromagnetic resonance (FMR) frequency is the main loss mechanism of the ferromagnetic material, at which the energy is absorbed by the ferromagnetic sample [11] . The FMR frequency of the ferromagnetic thin film is optimally designed to allow the operation at high frequency. From Kittel's formula [15] f FMR = γ 2π
where H bias is Ampere's field, generated by the external dc current, H ani is the anisotropy field, γ is the gyromagnetic ratio, N x , N y , and N z are the demagnetization coefficients, and 4π M s is the saturation magnetization. The gyromagnetic ratio and the saturation magnetization are fixed for a ferromagnetic thin film, while bias field is generated from the external magnetic field, and the anisotropy field is created by patterning the magnetic material. The proposed method in this paper to increase the FMR frequency is depositing the Py thin film with patterned slim bars to increase the anisotropy field H ani .
In addition, the thickness of the Py thin film in nanometer range is another reason to increase the FMR frequency with an increased difference between the demagnetization coefficients. The tunable permeability with the dc current can be expressed by Snoek's equation [5] 
It shows that Ampere's field H bias generated from dc current changes the net magnetic moment of the ferromagnetic thin film. The effective permeability value is thus decreased with the increased dc current. Another source for the change of net magnetic moment is from Joule heating, which can induce domain and tilt the magnetization away from the easy axis, which contributes to the FMR frequency shift [15] , [16] .
B. Results and Discussion
The final optimized dimension of the filter is 12.8 mm × 8 mm, as shown in Fig. 5 . Two feed lines are extended to the edge of the substrate, and the proposed filter is measured with a ZVA67 network analyzer in the frequency range of 0.1-4 GHz. Applying dc current from 0 to 500 mA through the gold bias lines, the center frequency of the bandpass filter shifts from 2.37 to 2.45 GHz continuously, as shown in Fig. 6 , with an insertion loss of <3 dB.
The resonant frequency of the filter is expressed as f 0 = 1/2π √ LC. The effective permeability of the substrate is decreased when the applied increased dc current is increased. The inductance density is proportional to the effective permeability of the substrate. The center frequency of the band filter thus becomes tunable and shifts to a higher frequency with the increased dc current. The measured results show that a center frequency shift of 20 MHz can be achieved with every 100 mA dc current applied. Larger tunability could be achieved with the engineered substrate built with thicker Py thin-film patterns.
IV. CONCLUSION A novel electrically tunable bandpass filter with a ferromagnetic material-enabled substrate is presented for the first time. It proves the efficacy of the designing concept implementing the electrically tunable bandpass filter on the engineered substrate with the patterned Py thin films. The designed filter with the patterned Py-enabled engineering substrate can provide continuous (analog) center frequency tunability. A unique method to design continuous tunable planar filters with this proposed engineered substrate has been achieved from the perspective of smart material, and the concept can be applied to design arbitrary RF devices.
